A multilayered FeGd system sputtered on a Si 3 N 4 -membrane was used to demonstrate that magnetic transmission x-ray microscopy enables the imaging of the domain structure with high resolution in a quantitative way and in varying external magnetic fields. The field-dependent evolution of sub-100 nm out-of-plane magnetized domains, i.e., the transition from stripe into bubble domains, could be observed in detail. It has been shown that critical fields like the bubble collapse field can be described by a wall energy model. Contrary to the assumption of the theory, the magnetization does not remain perpendicular to the film plane in all cases. This is only true inside the bubbles. In the stripe domains the magnetic moments rotate. Their angle could be measured as a function of the external applied field. Internal stray fields can cause a rotation of moments leading to a contrast at the edges of stripe domains. The results indicate that the magnetization reversal in 3d/4f multilayers is not only determined by wall motions and is therefore more complex than previously assumed.
Thin films with perpendicular magnetic anisotropy such as, e.g., RE-TM multilayered systems, are promising media for ultrahigh magnetic and magneto-optic information storage. To study their micromagnetic behavior, techniques are needed which allow us to image magnetic domains with high resolution, in a quantitative way and in varying external magnetic fields. The technique of magnetic transmission x-ray microscopy ͑MTXM͒ developed recently 1 meets these requirements. Here a modified version of the transmission x-ray microscope ͑TXM͒ 2,3 at BESSY I primarily developed for biological applications was used. Its zone plate optic allows us to image structures with lateral dimensions down to 30 nm. The underlying contrast mechanism for magnetic imaging is the x-ray magnetic circular dichroism ͑X-MCD͒ which occurs in the vicinity of element-specific inner-core absorption edges. Depending on the relative orientation between magnetization and helicity of the circularly polarized photon, the absorption coefficient varies, e.g., at the L 2,3 edges of iron up to 50%. 4 Because the intensity of the transmitted light is directly proportional to the projection of the iron moment onto the propagation direction of the photons the MTXM can be used to study the microscopic distribution of the magnetization in a quantitative way. The magnetic imaging can be achieved by illuminating the sample with circularly polarized x rays and applying varying magnetic fields of max 1.2 kOe. 1, 5 In the present work a ͑4.3 Å Fe/4.8 Å Gd͒ϫ75 multilayered film prepared by dc magnetron sputtering in a UHVbased system has been studied. A 30 nm thick Si 3 N 4 membrane was used as a substrate in order to allow for sufficiently high transmission of soft x rays. Argon of 7 ϫ10 Ϫ3 mbar was used as sputter gas, the growth rate was 0.7 Å/s for Fe ͑70 W͒ and 1.5 Å/s for Gd ͑50 W͒. Due to imaging under ambient conditions the film was covered with an 8 nm thick Al layer for protection against corrosion.
The macroscopic magnetic behavior of the sample has been characterized with a magnetometer using the polar magneto-optical Kerr effect ͑MOKE͒. Figure 1 shows the magnetization loop with the magnetic field applied perpendicular to the film plane. The shape of the curve suggests a perpendicular magnetization, nearly reversible domain wall motion, and zero remanence. The sudden changes of the magnetization at a field of 1.2 kOe could be explained due to the nucleation of reversed bubble domains. A more reliable interpretation was obtained by imaging the film with MTXM at the Fe L 3 absorption edge at 706 eV in different external fields. Figure 2 shows a typical image of the domain structure of the system near the remanent state. The dark/light areas indicate the direction of the local iron magnetization in/out of the film plane. Stripe domains with a periodicity of 222Ϯ8 nm form a maze pattern. At each ramification of a domain the three branches are oriented at angles of about 120°relative to each other. This behavior can be traced back to repulsive dipolar forces among equally magnetized domains.
The domain configuration in the remanent state strongly depends on the magnetic history of the sample. The labyrinthine pattern of Fig. 2 can be obtained if the sample was saturated in out-of-plane direction before. A permanent magnet ͑3.6 kOe͒ was used to saturate the sample prior to the MTXM experiment. If, on the other hand, the saturation field has an in-plane component, a pattern of essentially straight line domains can be observed as shown in Fig. 3 . The pattern has the same periodicity, 229Ϯ7 nm, as the maze domain configuration of Fig. 2 .
One of the most advantageous features of MTXM is the capability to study magnetization reversal processes on a nanometer scale by applying varying external magnetic fields. In fields which are small compared to the saturation field the periodicity of the stripe domains changes very slowly. But by approaching the stripe instability field, a rapid growth of the periodicity can be observed. During this process the mean width of the domains oriented against the field remains nearly constant while they contract along their lengths. Concomitantly, the ramifications disappear and one can observe a certain straightening of the domains. As shown in Fig. 4 , the shrinking of the unfavorable oriented ͑here the light͒ domains finally leads to a transition from stripe into bubble domains. For a certain range of applied external fields stripe domains and bubbles coexist. The bubbles do not have fixed positions, but are able to move if the domain pattern in their vicinity changes. Therefore, no hints for the presence of pinning centers can be found. This is in contrast to previous observations of the same system prepared on a 325 nm thick polyimide substrate where the magnetization reversal was strongly influenced by the pinning of domain walls. 5 Labyrinthine domain patterns have previously been found on a m-length scale in thin uniaxial plates of magnetoplumbite, 6 orthoferrites, 7 and garnets. Cape and Lehman presented a work describing the field-dependent evolution of the domain structure of such systems with a perpendicular easy axis. 8 Here with the observed mean zerofield width of the stripe domains of 113Ϯ3 nm the theory allows us to determine the characteristic magnetic length to 14.6Ϯ0.6 nm. The calculated width of the stripe domains in the stripe-bubble transition field should be 70Ϯ3 nm, which is in good agreement with the measured value of 75Ϯ20 nm. The theory predicts further a bubble contraction field of 1.2 kOe, which is in excellent accordance with the observed sudden change of the magnetization visible in the MOKE hysteresis loop. It can therefore be concluded that the multilayered FeGd system can be understood in the frame of the wall-energy model of Cape and Lehman. 8 Further information can be obtained taking into account the quantitative relation of the intensity of MTXM images to the local magnetization. It can be seen, e.g., in Fig. 4 , that within one image the bubble domains are brighter than the stripe domains. With increasing reversed field the intensity of the stripes decreases whereas the brightness of the bubbles and the ends of the stripe domains remains constant. The result of a quantitative analysis is shown in Fig. 5 . Assuming a constant absolute value of the iron moments one can conclude that the magnetization in the bubble domains is more perpendicular oriented than in the stripe domains. Assuming that the iron moments are strictly perpendicular inside the bubble domains, the canting angle of the stripe domains with respect to the surface normal would vary between 13°and 24°in the observed field range of Fig. 5 . Finite canting angles have been observed in Fe/Gd multilayers by Möss-bauer spectroscopy 9 and polarized neutron reflectometry. 10 In addition to external magnetic fields, the origin of the rotation of magnetic moments can also be addressed to internal fields. The stray field of reversed domains, i.e., the light domains in Fig. 4 , reinforce the external applied field. In their neighborhood the increased field leads to a rotation of the canted magnetic moments towards the surface normal, causing the dark areas to become darker. As a result, visible in Fig. 4 dark edges border the light stripes.
In conclusion, the field-dependent evolution of sub-100 nm out-of-plane magnetized domains in a multilayered FeGd system could be imaged by MTXM. It has been shown that the system can be explained with the wall-energy model of Cape and Lehman. In contrast to the assumption of the theory the magnetization is not strictly perpendicular to the film plane. A quantitative analysis of the result shows that during magnetization reversal the magnetic moments rotate inside the stripe domains. Thus the magnetization reversal of the studied multilayered FeGd system is not only determined by wall motions but also by the rotation of magnetic moments, indicating a more complex spin structure than previously assumed.
ACKNOWLEDGMENT
The work has been supported by the German Federal Ministry of Research and Technology ͑BMBF͒, Project Nos. 05 SC8 WW1 and 05 SL8 MG11.
